Abstract. Depending on clove size and plant stand, planting represents a considerable proportion of the total production costs in garlic cultivation. The objectives of this study were to analyze the infl uence of seed clove size, planting density and planting method on yield, bulb size and on the profi tability of garlic for the fresh market, planted under fertigation. Two experiments were established to evaluate planting densities ranging from 300,000 to 500,000 plants/ha in the 1998-99 season, and 300,000 to 600,000 plants/ha during the 1999-2000 season. Two additional experiments were established to evaluate the effect of seed size in the range of 1.9 to 10 g/clove in 1998-99, and 1.9 to 17 g/clove in 1999-2000. Seed of Taiwan-type 'Tacatzcuaro' garlic was used in all the experiments. A fi fth experiment was established to compare mechanical vs. hand planting. The experimental design in all cases was a randomized complete block with four replicates. For the plant density study, yields varied from 23.5 to 29.9 t·ha -1 for the fi rst year and from 32.1 to 39.7 t·ha -1 for the second season. For the seed clove size study, yields varied from 18.7 to 27.3 t·ha -1 for the fi rst year and from 16.3 to 32.2 t·ha -1 for the second season. Yields and leaf area index (LAI) were directly related to planting density and clove size. Highest yields were attained with maximum studied densities in both seasons. However highest profi tability was attained with planting densities of 420,000 plants/ha for the fi rst year, as calculated from the regression equation and 300,000 plants/ha for the second year as there was no statistical difference (P > 0.05) with the two subsequent population treatments and the former has lower costs than the others. The biggest diameters of bulb were always attained with the lowest population densities. In regard to seed size, the highest yield was achieved with 7.5 g/clove for the fi rst season and 13 g/clove for the second season, which also resulted in biggest bulb diameters and therefore in more valuable commercial classes. In accordance with the regression analysis, highest profi ts were obtained with clove sizes 3.6 to 6.5 g/clove, which yielded from 24 to 27 t·ha -1 for the fi rst season and from 7 to 10 g/clove for the second season, for yields from 29 to 31 t·ha -1 . In general, the largest-sized seeds produced lower profi ts than medium-sized seeds, even though yields were signifi cantly higher. The best planting method for garlic, as evaluated in terms of yield, quality and profi tability, was associated with good plant distribution in the fi eld and planting the seed with the apex upwards, characteristics obtained in the hand-planted treatment.
In contrast with many other vegetable crops, garlic seed always represents a high percentage of production costs, even at low planting density and low clove size. Practically all the studies carried out to date on plant density indicate its direct infl uence on yield (Sotomayor, 1975; Aljaro and Escaff, 1976; Landry and Khanizadeh, 1994; Nourai, 1994; Castillo et al., 1996) . The above authors studied planting densities ranging from 100,000 to 1.3 × 10 6 plants/ha; yet, none was managed to maximize total yield, even at the highest population densities, indicating how sensitive garlic is to this variable. However, the yield improvement occurring at increased plant stand is offset by the reduction in bulb size which severely affects quality and market value, when garlic is produced for fresh market. These results are not applicable to garlic produced for dehydration in which the reduction in bulb size does not affect the value of the harvest. Castillo et al. (1996) studied densities of 104,000 to 400,000 plants/ha under Mediterranean conditions and reported that the favorable effect of high plant stand on yield occurs as a result of an increase in leaf area index (LAI) and its duration. These authors recommended handling plant densities from 140,000 to 180,000 plants/ha to ensure a good bulb diameter, given that bulb quality diminishes at high populations. None of the reported studies to date have carried out a quantitative analysis to optimize profi tability.
Various studies, on the other hand, have reported the direct infl uence of seed size on yield (Duimovic and Bravo, 1979; Lucero et al., 1982) and the quality of the harvested bulb (Burba et al., 1987) . Stahlschmidt and Cavagnaro (1997) evaluated seed garlic cloves weighing from 2.5 to 9.8 g/clove and reported that the biggest seeds produced more vigorous plants, with greater leaf area and with larger bulb diameters than smaller seeds. If we consider the same plant stand, class 10 large seeds (65 to 70 mm in diameter, Table  1 ) may cost four times as much as class 5 seeds (40 to 45 mm) (M.A. Torres, personal communication, 2002) . The former requires almost three times as much seed (in weight) as the latter. It represents a cost of up to 12 times more, thus it increases garlic production costs tremendously. No study regarding seed size has carried out a quantitative evaluation of these variables. Thus, data only indicate the advantage of using medium or large sized seed to obtain better quality bulbs, without specifying the adequate size or diameter from an economic point of view (Duimovic and To whom request for reprints should be addressed; e-mail casteja100@hotmail.com. Bravo, 1979; Lucero et al., 1982; Stahlschmidt and Cavagnaro, 1997) .
All the above studies were carried out under furrow irrigation and the yields reported ranged between 5 and 15 t·ha -1 . With the advent of drip irrigation, the yield potential has increased up to 3-fold. Under such water and fertilizer management it is feasible to establish plant populations with a better plant spacing geometry and better plant nutrition. This is why it is important to reconsider studies on clove size and plant population to optimize these variables and achieve high yields without affecting bulb quality, when garlic is produced for fresh market. When garlic is produced for dehydration the target is not bulb size but total yield, produced at a low cost.
Another important variable in garlic production is planting method. Mechanical seed planters deposit cloves randomly with respect to orientation of the clove apex and base. Given garlic seed shape, when the clove is deposited with the apex downwards, emergence is retarded, tends to be uneven, reduces the clove food reserves for the small plants and thus potentially affects yield and quality. In contrast, hand-planting makes it more feasible to place the seed with the apex upwards and equidistant, but it requires a large expense in labor. No information of the effect of this variable on yield and productivity has been published to our knowledge. If seed position does represent advantages in yield and quality, it could encourage agricultural engineers to design a machine capable of planting the seed equidistantly and apex up or at least compensate for the use of hand planting when the cost of labor is affordable.
The objectives of this study were to analyze the effect of seed size and population density on crop yield and profi tability under fertigation with garlic produced for the fresh market; and to determine the effect of hand-planting with seed apex up, as opposed to mechanical planting on yield and productivity.
Materials and Methods
The present study was carried out in the Bajio Experimental Station of the National Institute of Agricultural and Forestry Research (INIFAP), close to the city of Celaya, State of Guanajuato, located in Central Mexico, latitude 20º37'N and longitude 101º24'W.
Two experiments on population density were conducted, one during 1998-99 and the other during 1999-2000 (Expts. 1 and 2). Experiments 3 and 4 were established to study the effect on seed size, one during 1998-99 and the other during 1999-2000. Finally a fi fth experiment evaluated the type of planting during the 1999-2000 season (Expt. 5). The same cultivar-Tacatzcuaro-of purple Taiwan garlic (Heredia et al., 1997) was used in all experiments.
During the 1998-99 season, the average minimum temperatures were 14. 8, 11.6, 8.3, 3.8, 2.1, 4.9 , and 5.9 ºC, the average maxima were 26.8, 25.5, 27.0, 25.5, 24.2, 25.8, and 27.8 ºC, and precipitation was 200.1, 58.6, 29.0, 0.0, 8.7, 0.0, and 3 .0 mm for the months of September 1998 through March 1999. The average minimum temperature during the 1999-2000 season was 11.9, 8.9, 5.7, 3.5, 3.4, 5.3, and 6 .5 ºC, the average maximum 27. 3, 26.5, 25.3, 23.7, 25.0, 26.3, and 33 .1 ºC, and precipitation was 18.8, 2.4, 0.0, 2.0, 0.0, 0.0, and 6.0 mm for the months of September 1999 through March 2000.
In Expt. 1 (1998-99) three plant densities were evaluated: 300,000, 380,000 and 500,000 plants/ha. Three rows of plants, 17 cm apart, were planted in 1 m wide furrows. Distances of 10, 8, and 6 cm were left between plants to obtain the above densities. Seeds with an average weight at planting of 6 g/clove, taken from 55 to 60 mm diameter bulbs (average of 10 cloves/bulb) were planted on 5 Sept. 1998. The soil at the experiment was an isothermic dic pellustert clay, with 2% organic matter and a pH of 7.2. A fertilization rate of 285N-35P-166K-15Zn kg·ha -1 was applied using ammonium nitrate, potassium nitrate, monoammonium phosphate, and zinc sulfate. Nitrogen and K were applied by drip irrigation on a weekly basis for the fi rst 140 d of growth, based on the expected requirement; whereas P and Zn were banded in the rows prior to planting and seeds were placed 5 cm apart. Plants were irrigated according to soil moisture tension measured by tensiometers, inserted at a depth of 15 and 30 cm and 15 cm apart from the dripping line, maintaining a water tension between -10 and -20 kPa during the entire growing season. A total irrigation of 77 cm was applied. Pests and diseases were The criterion for suspending irrigation was the point at which 50% of the bulbs turned purple between cloves (which was determined by sampling), harvesting 10 d afterwards. After harvest, bulbs were cured in the fi eld for 10 d, after which roots and stalks were cut to enable classifi cation into the seven commercial classes illustrated in Table 1 ( M.A. Torres, personal communication, 2002) . These classes are based on the fresh-market requirements for export into the U.S. and the prices are based on the payment received by farmers. Defective and damaged bulbs were discarded. Bulbs with visible cloves, or those <40 mm in diameter, were classifi ed as nonexportable. Production costs and average domestic market value during the period 1998-2001 for central Mexico were considered in the economic analysis. Fixed costs included land cost, insurance, land preparation, fertilization, water, depreciation of irrigation system, cultivation labor, and control of weed, pest and diseases. Variable costs included seed value and seed disinfection, hand harvest, sorting, and packaging costs. Sale prices considered for each of the commercial classes are listed in Table 1 .
Experiment 2 (1999-2000) was planted on 8 Sept. 1999 with the following population densities 300,000, 400,000, 500,000, and 600,000 plants/ha. Six rows were planted in 2 m wide beds with three dripping lines (Fig. 1 ). Seeds were planted 10, 7.5, 6, and 5 cm apart, with 25 cm between rows, to obtain these population densities. Water and fertilization management were very similar to those in the fi rst experiment, except that in this case N rate was 400 kg·ha -1 . Maximum LAI was recorded in the four populations at 153 d after planting or 2411 DDD in the four plant stands using an Accupar Model: PAR-80 Linear PAR/LAI Ceptometer. The total irrigation applied measured 95 cm. Plants were harvested on 23 Mar. 2000; 197 DAP or 3147 DDD. Harvest and bulb sorting was as in Expt. 1.
Experiment 3 (1998-99) was planted on 5 Sept. 1998 and six clove sizes were evaluated: 1.9, 2.8, 3.6, 4.5, 6.5, and 10.0 g/clove. Three rows of plants were planted 17 cm apart in 1 m beds. Population density was 300,000 plants/ ha, the seeds being deposited 10 cm apart by hand, with 1 irrigation tape per bed. Experiment 4 was set up on 8 Sept. 1999 and evaluated fi ve clove sizes, weighing 1.2, 3.1, 6.9, 10.6, and 16.7 g/clove. In the fi nal treatment, exceptionally large cloves, not corresponding to any commercial class, were used. Six rows of plants were planted 30 cm apart in 2 m beds and using two irrigation tapes per bed. Seeds were planted by hand 10 cm apart to achieve the same density of 300,000 plants/ha (Fig. 1) . Plot management was as described for Expts. 1 and 2. Experiment 3 was harvested on 16 Mar. 1999 and Expt. 4 on 23 Mar. 2000, at 193 and 197 DAP respectively. In Expt. 4 , maximum LAI was taken at 153 DAP in treatments of 3.1, 6.9, 10.6, and 16.7 g/clove, using the same equipment described above.
Experiment 5 was planted on 8 Sept. 1999 [1998] [1999] and Expt. 2 (1999 Expt. 2 ( -2000 . to compare machine and hand planting. A Feyma planting machine (model 150; TPP, Inc. Cuenca, Spain) deposited seed unevenly, approximately 10 cm apart. Hand planting was carried out with the same geometric arrangement, although seeds were deposited equidistantly, 10 cm apart with apex up, unlike machine planting where the seed could fall in any position. Seed was planted with a population density of 300,000 plants/ha. Water management, fertilization, and harvest time were as those used in Expt. 4. In all experiments the experimental design was a randomized block with four replications. The SAS (1995) statistical package was used for statistical analyses. Differences among treatments within each commercial class were assessed with a LSD test (P > 0.05). Regression analysis examined the relationship between plant density, seed size, and maximum yield and profi t.
Results and Discussion
Population density. Data for garlic bulb yield from Expts. 1 and 2 are presented in Table  2 and Fig. 2 . In both years it was observed that as planting density increased, total yield increased signifi cantly with a linear response in the studied range (P > 0.01). Yield decline was not achieved, even with the highest population density. These results agree with other authors reporting yield, (Duimovic and Bravo, 1979; Lucero et al., 1982) and bulb size at harvest (Burba et al., 1987) , as affected by planting density. However, those authors reported yields of only 5 to 15 t·ha -1 , much lower than those found in our study, even using far higher populations than those used in our experiments. In fact, the yield obtained of nearly 40 t·ha -1 at 600,000 plants/ha in Expt. 2, is the highest reported so far. The greater yield from this experiment can be attributed to a better geometric planting arrangement in the 2 m beds (Fig. 1) , where it is likely that LAI is maximized more quickly than in the 1 m beds. As plant population increased, yield of classes with greatest commercial value (9, 10, and 11) decreased signifi cantly (P > 0.05). Garlic yield in the super colossal class (class 11), increased notably from 0.4 to 5.9 t·ha -1 , when population density was reduced from 600,000 to 300,000 plants/ha. This commercial class has a very high economic value, which indicates the potential of the lowest population for obtaining larger size bulbs with a greater market price. In general, these results are congruent with those reported by Castillo et al. (1996) . However, it is important to note that our study reports sizes of a much larger diameter than those reported by that author. In our study, 3.8 and 0.7 t·ha -1 of bulbs with a diameter >75 mm were harvested in Expts. 1 Table 4 . Total garlic bulb yield for each commercial class for Expt. 3 (1998-99) and Expt. 4 (1999 Expt. 4 ( -2000 , given the different seed size evaluated. [1998] [1999] and Expt. 2 (1999 Expt. 2 ( -2000 .
and 2, respectively (data not shown). Although these bulbs fell into the super colossal class, their diameter was notably greater than their specifi cation, conferring additional benefi ts. Figure 3A shows the relationship between maximum LAI and bulb yield in the population density treatments obtained in Expt. 2. Maximum LAI values reached 5.4 at a population density of 600,000 plants/ha. The maximum level previously reported for this crop was a LAI of 2.9, which yielded 15 t·ha -1 (Castillo et al., 1996) . In our work, a similar LAI was associated with a bulb yield far greater than that reported by those authors. This could possibly indicate the greater yield potential of the genotype used in our study (Heredia et al., 1997) . When population density increased from 300,000 to 600,000 plants/ha, maximum LAI increased from 3.4 to 5.4. This could explain the yield increase from 32.3 to 39.7 t·ha -1 . Table 3 and Fig. 4 present the economic analysis of each of the population density treatments over the 2-year period. Data from Expt. 1, indicated that 500,000 plants/ha yielded >3 t·ha -1 more than the treatment of 380,000 plants/ha. Profi ts, however, were not statistically different, because of the increased production costs of the highest population. From the regression analysis it was calculated that a population density of 387,000 plants/ha, resulted in the highest profi t for Expt. 1.
In Expt. 2, 300,000 plants/ha resulted the most convenient population density as there was no statistical difference (P > 0.05) with the two subsequent population treatments and the former has lower costs. That population density produced a yield of 7.6 t·ha -1 less than the 600,000 plants/ha treatment. Again, the low yield of the low population density is compensated by larger bulb size, and consequently, higher market value. Although gross income is similar in all treatments, costs are higher at the high-density treatments, because the larger quantity of seed required; which is the most expensive input in the production process.
Seed size. Garlic yields resulting from the clove size experiments are shown in Table 4 and Fig. 5. Experiment 3 (1998-99) demonstrated how the use of smaller sized seed severely affected crop yield, as well as bulb diameter. A difference of 8 t·ha -1 was obtained between seeds of 1.9 and 6.5 g/clove, whereas seeds >6.5 g/clove did not produce an increase in yield, but it produced a signifi cant increase in bulbs of the highest commercial class (P > 0.05). Data from Expt. 4 (1999 Expt. 4 ( -2000 showed a similar tendency, although clove size used was greater in this growing cycle. Total yield continued to increase when seed cloves heavier than 6.9 g were used, even using seed weighing 16.7 g/clove. Although total yield did not signifi cantly (P > 0.05) exceed that of the 10.6 g/seed treatment, the quality was signifi cantly improved (P > 0.05). There was a signifi cant increase (P > 0.05) in bulbs falling into the highly valued class 11. Regression analysis showed optimum seed size of 7.6 and 12.9 g for the two experiments.
These results are congruent with those reported by Duimovic and Bravo (1979) ; Lucero et al. (1982) ; Burba et al. (1987) and Fig. 5 . Total garlic bulb yield as affected by seed size for Expt. 1 (1998 Expt. 1 ( -1999 and Expt. 2 (1999 Expt. 2 ( -2000 . Table 5 . Profi tability analysis for the different garlic seed sizes, for Expt. 3 (1998-99) and Expt. 4 (1999 Expt. 4 ( -2000 . Stahlschmidt and Cavagnaro (1997) . However, none of these previous studies worked with seed as large. A large-sized seed is capable of developing a larger LAI than a small seed, this in turn is refl ected in greater yield (Fig. 3B ). It is noteworthy that a greater carbohydrate and mineral seed reserve produces a strong plant that establishes more quickly and develops better than those from a small seed. This effect has been reported for other species (Brewster, 1985; Chalermpone et al., 1986; Mondal et al., 1986; White and Hoogenboom, 1996. Krishnamurthy and Bhatnagar, 1998) , but given the size of garlic seeds, this variable has a great effect on crop yield. It is possible that such spectacular results in the genetic improvement of garlic reported by Heredia et al. (1997) , basing selection on the number of cloves, are partially due to the fact that a bulb with few cloves produces large individual seeds. This in turn contributes to a greater bulb yield, but does imply the use of a greater amount of seed.
A profi tability analysis for different seed sizes is shown in Table 5 , and the relationship between seed clove size and net profi t is shown in Fig. 6 . In Expt. 3 (1998-99) , the greatest profi t was obtained from seeds weighing 3.6 to 6.5 g. The differences in net profi t between these two seed sizes were only marginal. In accordance to regression analysis, maximum profi ts are obtained with 7.6 g/seed given that production costs rise greatly if larger sized seed is used, whereas gross income increases only slightly. In contrast, in Expt. 4, although seed weighing 16.7 g/clove produced greater yield, more profi table sizes were attained with lower seed sizes. Largest sized seeds require greater quantities, which in turn increases the production costs and even though higher revenue is obtained, profi t is lower. From the regression analysis the maximum profi t for Expt. 4 was attained with 12.9 g/clove. In Expt. 4, yields were higher than in Expt. 3;probably because the crop responded to a bigger seed clove size in the second year.
Planting systems. Table 6 shows the results from the two planting methods evaluated in Expt. 5. Planting by hand, which places seeds Table 7 . Profi tability analysis of the two planting methods in Expt. 5 (1999 Expt. 5 ( -2000 Table 6 . Total garlic bulb yield for each commercial class in Expt. 5 (1999 Expt. 5 ( -2000 depending on planting methods evaluated. equidistantly with apex up, produces a greater yield than mechanical planting, with seeds deposited randomly in distance and position. This difference reached 4.9 t·ha -1 in favor of hand planting. Although no signifi cant difference was found between individual classes, the increase in overall yield was signifi cant (P > 0.05). Hand planting represents higher costs, yet larger income compensates for this cost, as shown in Table 7 . However, from an operative point of view, it is diffi cult to hand plant areas exceeding 10 ha in Mexico. Nevertheless, there are a large number of medium and small scale producers, who are able to plant by hand in Mexico. Lower labor costs in Mexico and other developing countries confers a certain advantage on hand-planting systems. Notwithstanding, the data in this study indicate the benefi t of developing a machine able to deposit the seed apex up, equidistantly.
Conclusions
From an economic point of view, and for the fertigated planting systems used, the best planting densities for fresh garlic production were between 300,000 to 420,000 plants/ha, given that large sized bulbs with a greater market value are achieved. The best seed size ranged from 3.6 to 6.5 g/clove, corresponding to classes 5 & 7. Only under production conditions that lead to a very high yield potential (above 30 t·ha -1 ) can very large seed size (up to 10 g/clove) be expected to have economic advantages. Larger sized seed or higher planting densities may produce signifi cantly greater yields, but with lower market classes, and the lower priced bulbs that decrease overall profi t. The best planting method, according to yield, quality and profi t, was spaced equidistant by hand with apex up.
